We present a method for measuring surface interaction parameters of spin-polarized Rb atoms on coated Pyrex glass surfaces based on edge enhancement in optically pumped Rb vapor. The best fit to the measured magnetic resonance lines using a theoretical model yields a dwell time s = 1.8 s and a spin relaxation probability s = 0.015 for a spin-polarized Rb atom on a Pyrex glass surface coated with dichlorooctamethyltetrasiloxane ͑Surfasil͒, and s = 0.5 s and s = 0.001 on a surface coated with octadecyltrichlorosilane ͑OTS͒. : 10.1103/PhysRevA.78.034901 PACS number͑s͒: 34.35.ϩa, 75.40.Gb, 76.70.Hb, 87.57.nt Surface interactions of spin-polarized atomic species have been a topic of great interest and extensive research for many years. Understanding the relaxation of spin-polarized noble gas atoms due to surface interactions is of vital importance for a large number of experiments, such as magnetic resonance imaging using hyperpolarized noble gas atoms ͓1͔, fundamental symmetry studies ͓2͔, and high resolution nuclear magnetic resonance spectroscopy ͓3͔. A detailed understanding of relaxation and frequency shifts of spinpolarized alkali metal atoms due to surface interactions is important for atomic devices such as frequency standards and atomic magnetometers ͓4,5͔.
Surface interactions of spin-polarized atomic species have been a topic of great interest and extensive research for many years. Understanding the relaxation of spin-polarized noble gas atoms due to surface interactions is of vital importance for a large number of experiments, such as magnetic resonance imaging using hyperpolarized noble gas atoms ͓1͔, fundamental symmetry studies ͓2͔, and high resolution nuclear magnetic resonance spectroscopy ͓3͔. A detailed understanding of relaxation and frequency shifts of spinpolarized alkali metal atoms due to surface interactions is important for atomic devices such as frequency standards and atomic magnetometers ͓4,5͔.
Nuclear spin-polarized noble gas atoms such as 201 Hg, 83 Kr, and 131 Xe, which have quadrupole moments, were used to study the quadrupolar surface interaction ͓6͔. Quantitative information about the electric field gradients experienced by the adsorbed 131 Xe nuclei was obtained by measuring the relaxation and beat frequency of the precession signal of 131 Xe ͓7͔. The interaction of spin-polarized 129 Xe atoms with Surfasil-coated glass surfaces was studied by Driehuys et al. ͓8͔. Bouchiat and Brossel investigated the interaction of spin-polarized Rb atoms with paraffin-coated Pyrex glass surfaces ͓9͔.
Due to their small penetration depth, evanescent waves have been used to study surface interactions of spinpolarized alkali metal atoms ͓10-12͔. Under certain experimental conditions, the magnetic resonance signal of an evanescent wave magnetometer ͓13͔ consists of two peaks localized near the cell surfaces in frequency space. This edge enhancement due to localized response modes has been extensively studied in nuclear magnetic resonances ͑NMR͒ ͓14-21͔. However, to our knowledge, it has so far not been observed in alkali metal vapor ͓22͔. We report here the first observation of edge enhancement in optically pumped Rb vapor. The excellent signal-to-noise ratio allows us to make a quantitative comparison between experiment and theory for the line shape. Unlike the symmetric edge enhancement peaks seen in the traditional NMR experiments, the peaks observed in the present experiment have different height owing to the fact that the evanescent probe beam is at the front surface. The asymmetry between the front and back peaks strongly depends on surface characteristics. Therefore the line shape of the magnetic resonances provides a sensitive way to determine surface interaction parameters of spinpolarized atoms. In particular, we are able to deduce the dwell time s and the spin relaxation probability s of Rb atoms on coated Pyrex glass surfaces.
The experimental setup is shown in Fig. 1 . The cylindrical Pyrex glass cells of radius R = 12.7 mm contain isotopically enriched Rb ͑98.3 at.% 87 Rb͒ and N 2 gas at various pressures. All pressures refer to 25°C. The cell length is adjustable ͑see the inset in Fig. 1͒ . This is achieved by enclosing a prism inside the cells and adjusting the position of the prism by gently tapping the stage on which the cell is mounted. The cell length is measured by retroreflection ͓23͔, with an accuracy of 10 m. We use two kinds of coating, dichlorooctamethyltetrasiloxane ͑Surfasil͒ and octadecyltrichlorosilane ͑OTS͒. To coat cells with Surfasil, we first wash them with Piranha for one hour. After rinsing each cell thoroughly with distilled water and drying with N 2 , we place a tiny drop ͑ϳ2 l͒ of Surfasil into the cell stem, cover the cell with aluminum foil and heat it in an oven at 80°C for one hour. Cells are subsequently rinsed with acetone and methanol be- fore being put onto a manifold and baked in vacuum at 180°C overnight. For OTS coating, we follow the procedures of Ref. ͓24͔. The Rb vapor is polarized by two right circularly polarized ͑ − ͒ laser beams, A and B, from singlemode diode lasers operated in the free-running mode. Their 1 / e 2 diameters are 0.8 mm. The intensities of beam A and beam B are, respectively, 0.5 mW/ cm 2 and 20 mW/ cm 2 . The frequency of beam A is tuned to the 5 2 S 1/2 F =2 → 5 2 P 1/2 FЈ =1,2 transitions, and that of beam B to the 5 2 S 1/2 F =1→ 5 2 S 1/2 FЈ =1,2 transitions. We use a coordinate system with the origin at the center of the cell, the z axis along the cell axis, and the x axis in the horizontal direction. The coated front and back surfaces are located at z =−L / 2 and L / 2. Both beams are in the zx plane and are incident on the cell surface at the same spot ͑0,0, −L / 2͒ at angles larger than the critical angle. They undergo total internal reflection at the interface of cell surface and Rb vapor, and their evanescent waves propagate parallel to the x axis, with a penetration depth of 0.7 m and 2.5 m, respectively, for beam A and beam B. A holding magnetic field is applied in the x direction, with a gradient in the positive z direction ͓25͔. A pair of coils generates a radio frequency ͑rf͒ field 2B 1 cos͑t͒ along the y axis. The rf field is amplitudemodulated by a square wave at frequency ⍀ / 2 = 200 Hz. The intensity of the totally reflected beam A is monitored by a silicon photodiode, the output of which is fed into a lock-in amplifier. A magnetic resonance line is obtained by scanning the radio frequency across the Larmor frequencies of the 87 Rb atoms.
The lock-in signal is determined by the modes l ͑x͒, m ͑y͒, and n ͑z͒ in the x, y, and z directions, respectively ͓26,27͔. The corresponding eigenvalues describe line broadening and frequency shift due to diffusion and field gradients. Because the cell length is much smaller than its radius, the signal is strongly affected by interactions with the front and back surfaces. We therefore focus on the longitudinal modes n ͑z͒, which satisfy the eigenvalue equation ͓26,27͔:
where 0 = L ͑0͒ is the Larmor frequency at the center of the cell, ␣ n is the eigenvalue corresponding to n ͑z͒, and ʈ = ␥‫ץ‬B x ͑0͒ / ‫ץ‬z is the Larmor frequency gradient associated FIG. 2 . ͑Color online͒ Representative magnetic resonance curves for an OTS-coated cell ͑a͒ and a Surfasil-coated cell ͑b͒. Filled squares represent experimental data, and solid red lines are the calculated curves corresponding to the best fit. Also shown in ͑a͒ are calculated curves ͑dashed blue and dash-dotted green͒ that correspond to less optimal values of s , with all other parameters being kept the same. All calculated curves are normalized to the experimentally observed front peak height. Note that, for increasing dwell time, the peaks localized near the front and back surfaces shift in frequency space further toward front and back surfaces. The Rb density is 4.3ϫ 10 12 cm −3 and the cell body temperature is 105°C in Figs. 2 and 3.   FIG. 3 . ͑Color online͒ A representative series of magnetic resonance curves for an OTS-coated cell of adjustable length L. The Larmor frequency gradient ʈ / 2 is 400 kHz/ cm. The cells are filled with 5 Torr N 2 gas. Dots represent experimental data, and solid red lines are the calculated response curves. For clarity only the signal-to-noise ratio ͑SNR͒ is given, and no error bars are shown.
with the gradient of the longitudinal field, ␥ / 2 = 700 kHz/ G being the gyromagnetic ratio of 87 Rb atoms. The boundary conditions for n ͑z͒ at z = Ϯ L / 2 are ͓26͔
where s and s are the average relaxation probability and average phase shift for a polarized Rb atom during the average dwell time s on the front or back surface of the cell, and and v are the mean free path and mean thermal velocity of Rb atoms.
The boundary condition ͑2͒ without the second derivative term was used in previous studies of surface interactions of spin-polarized atoms ͓28,29͔, which were carried out in homogeneous magnetic fields. However, in the edge enhanced regime when the dwell time is of the order of s or longer, the term proportional to the second derivative cannot be ignored. In dimensionless quantities, the relative orders of magnitude of the three terms on the right-hand side of Eq. ͑2͒ are 1, = ͑D / ʈ ͒ 1/3 , and = ͑ ʈ / D͒ 1/3 . Anticipating the experimental results ͑see Table I͒ , we have for a typical Surfasil coating s ϳ 0.015, s ϳ 1.8 s, =30 m, v =3 ϫ 10 4 cm/ s, and ʈ / 2 = 400 kHz/ cm, and therefore, ϳ 0.06, and ϳ 0.40. Surface effects are most pronounced when the edge enhanced peaks are well resolved. The two representative magnetic resonance lines shown in Figs. 2͑a͒ and 2͑b͒ are from data taken in an OTS-coated and a Surfasil-coated cell, respectively. The two cells have the same dimension and buffer gas pressures ͑5 Torr N 2 ͒. The data were taken under the same experimental conditions. The dramatic difference in the two magnetic resonance curves is solely due to different coatings. To determine the surface parameters s , s , and s , we use a cell of adjustable length, and fit a series of magnetic resonance lines obtained for a number of different cell lengths using the theory in Refs. ͓26,27͔. Since the surface properties remain exactly the same when the cell length is varied, we use the same set of surface parameters to fit all the curves in the series, adjusting only the length of the cell. A representative series of magnetic resonance lines for an OTScoated cell of variable length is shown in Fig. 3 . Also shown are the curves calculated using the theory in Refs. ͓26,27͔.
Since and are very small in OTS-coated cells ͑see Table  I for typical values of and in OTS-coated cells͒, localized edge-enhanced modes occur only when the dimensionless parameter s = L 2 ͑ ʈ / D͒ 1/3 Ͼ 1 ͓15,18,26͔. For example, there are no localized states in Fig. 3͑a͒ , where the experimental parameters correspond to s = 0.77. Two localized peaks near the Larmor frequencies of the front and back surfaces are well resolved in Fig. 3͑b͒ , for which s = 2.19 ͓30͔. For even thicker cells, the long diffusion path from the back surface becomes more and more effective in suppressing the peak localized near the back surface ͓Fig. 3͑c͔͒, and eventually only the peak localized near the front surface remains observable ͓Fig. 3͑d͔͒.
The procedure of fitting all the curves of a series obtained by varying only the length of the cell accurately determines the surface parameters s , s , and s , which are given in Table I for three representative cells. The sensitivity of the fit to surface parameters, e.g., to s , is shown in Fig. 2͑a͒ . Note that the dwell time s ϳ 10 −6 s of Rb atoms on Surfasilcoated glass surfaces is of the same order of magnitude as that of 129 Xe atoms on the same coatings ͓8͔. The long dwell time of 129 Xe atoms was attributed to the trapping of 129 Xe atoms in the coatings. For Rb atoms, it is well known that they diffuse into coatings ͓31͔, and a similar trapping effect could be responsible for the long dwell time of Rb atoms. We also note that the dwell time s obtained in the present experiment is the average total time a Rb atom spends on the surface rather than the coherent surface interaction time c , which is usually measured ͓8,9͔. The fit indicates that the phase shift s is very small, and we can only set an upper bound.
Using the values of s in Table I , we can deduce from Eq. ͑3͒ the normal gradient coefficient on coated surfaces. The values are shown in Table I . Note that this method of determining the normal gradient coefficient is valid only when the diffusion model is applicable, i.e., when the spatial variation of spin polarization over a distance of the order of a mean free path is not too large. Otherwise other methods should be used ͓11͔
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